The electronic and molecular structures of phenol and its ortho-meta-, and para-methyl derivates as well as their conjugate acids were studied by the semiempirical MINDO/3 method. The calculations predict substantial structural changes upon protonation. Theoretically predicted protonation sites are in very good agreement with experimentally observed modes of protonation under superacidic conditions.
Introduction
The question of the prefered sites of protonation of hydroxybenzenes has been much discussed from both experimental [1] [2] [3] [4] and theoretical [5] [6] [7] points of view. In superacid solutions these bases protonate on oxygen or ring carbon [1, 2] . The relative extent of 0-and C-protonation and the position of C-protonation is dependent on several factors such as electronic structure of the base, acidity and solvation properties of the medium and temperature [2, 3] . Theoretical studies w r ere mainly devoted to exploring the intrinsic basicities of different positions in the molecule [5, 6] . There has also been considerable interest on the relationship between proton affinities and core ionization energies [7] . In most calculations standard geometries or partly optimized structures for the conjugate acids have been used. This simplified treatment is qualitatively valid as a first approximation, it is, however, generally accepted that the bare proton perturbs the molecule to a considerable extent. A good illustrative example is provided by the protonation of the ring oxygen in methylsydnone,which leads to ring opening and formation of a ketone like chain [8] . Therefore, it seemed desirable to reinvestigate the protonation of some of hydroxybenzenes in more detail, using a method which enables, albeit approximate, full geometry optimization of the ions involved.
Concomitantly, we performed MINDO/3 calculations [9] on protonated forms of phenol (1) and its ortho-(2), meta-(3) and para-(4) methyl derivatives. Essential results are reported here.
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Computational Procedure
The geometries of all species were fully optimized with respect to all independent structural parameters. Computations were performed on the Univac 1100 Computer at the University Computational Centre in Zagreb.
Results and Discussion

Geometries
The calculated structural parameters of phenol and its potential conjugate acids are summarized in Table 1 . The calculated carbon-carbon bond lengths for neutral phenol are overestimated by 0.007-0.027 Ä relative to the experimentally determined value (1.396 Ä) based on the assumption of a regular hexagon [10] for the benzene moiety. Systematic studies of the molecular geometry of a number of substituted benzenes have, however, shown that replacement of a hydrogen atom by other atoms or functional groups may lead to a substantial distortions of the C-hexagon from perfect Dßh symmetry [11] . The most pronounced changes occur in the bond lengths and angles nearest to the point of fusion. The effect has been rationalized in terms of either hybridization effects or valenceshell electron pair repulsion [11, 12] . The importance of the conjugative interaction between substituent and ring, where possible, has also been pointed out.
An analysis of the hybridization parameters of phenol as calculated by the MINDO/3 charge density matrix [8, 13, 14] indicates a pronounced decrease of s-character 23%) in the hybrid orbital of the Ci atom directed toward oxygen relative to the canonical sp 2 value. This is in accordance with the well known Bent-Walsh rule [15, 16] , which states that an electronegative substituent prefers a higher contribution of the p-orbital in the partner hybrid of the neighbouring atom. The relatively high yr-bond order (0.312) for this bond is reflected in the relatively short bond distance of 1.326 Ä. The (7-hybrid orbitals directed from Ci to C2 and Cß, respectively, exhibit a substantial increase of the s-character, as well as decrease in the jz-overlap population (0.620) relative to the remaining ring bonds (~0.67), an amount which, in turn, corresponds to the 7i-bond order in benzene. The resulting bond length is a compromise between the two opposing effects: shortening due to the increase in s-content and lengthening because of the decrease in Tr-electron density. The former contribution is outweighted by the latter, leading to the lengthening of the C1C2 and CICÖ bonds to 1.423 Ä and 1.420 Ä, respectively. The systematic differencies occuring in the values of bond lengths and angles of the ring (reflected also in the jr-overlap populations) suggest a greater contribution from the canonical form A than from B. The same conclusion follows from the pattern of the calculated charge densities (Table 3 ).
H H> A B
Protonation of phenol at each of the considered positions causes substantial geometric distortions (relative to the neutral phenol). On conversion to the oxonium ion (la) the parameters related to the oxygen are most affected. Thus the C1O7H angle is enlarged by about 10° relative to unprotonated base. The C1O7 bond length increases by 0.07 A, in accord with a drastic reduction in 7r-overlap population (Table 3) . Among the bonds of the ring the largest changes show those terminating at the OH substituted ring carbon. These are shortened by about 0.02 A relative to those in neutral phenol as a consequence of the increased yr-bond overlap population and increase of the average s-character in the orbitals of the o'-bonds. The rest of the ring fragment remains virtually unchanged.
The major change in the ring protonated ions is exhibited in the lengthening of the bond distances terminated at the protonated carbon 0.09 A). The observed changes can be well understood in terms of the rehybridization caused by protonation. In particular, the mentioned lengthening is a consequence of the decrease in s-character of the relevant carbon-carbon o'-hybrid orbitals. More specifically, the s-character of the hybrid bond orbitals y){Cs-C4) and y>(C4-C5) in ion Id as calculated from the MINDO/3 charge density matrix is 32.3% and 27.5% respectively, while the corresponding values in neutral phenol are practically both equal to 33.3%. The same holds for the C4-C3 bond. In the ion Id this bond is described by 27.8-32.2 (in %) noninteger hybridization parameters, as compared to 33.3-33.3% in 1. The slight increase of the average s-character of the hybrids forming the CCC angle at the protonated carbon {xp (C4-C3) and ip(C4-C5) hybrids in the case of ion Id) relative to the canonical sp 3 value is reflected in the distortion of this angle from the pure tetrahedral value (114.5° in Id), yielding a characteristic shift toward 120°.
The 7r-overlap population between the CH2 and its carbon neighbours, although remarkably reduced when compared with the corresponding value in phenol, is not negligible, indicating a certain amount of hyperconjugative interaction between the CH2 group and the rest of the molecule. In addition to a drastic changes in the C-C bond distances adjacent to the protonated carbon, protonation in the ring leads to a shortening of the C-C bonds in the pentadienyl part of the molecule (by 0.04 A), while the C-C bonds to the para carbon are lengthened by 0.02 A as compared with the neutral base. Both effects are compatible with the change in yr-bond overlap populations as indicated in Table 3 . Finally, there is an appreciable increase in the double bond character of the C1O7 bond in the ions lb and Id suggesting substantial contributions from the corresponding quinoid valence bond structure in the ground states of these ions.
It should be mentioned that the main features of the ring geometry of the ions 1 b -1 d are compatible with the structure of the heptamethylbenzenium ion as determined by X-ray diffraction [17] .
A comparison of the calculated equilibrium geometries for cresols with that of the parent phenol indicates clearly that the methyl substitution gives rise for further ring deformations. They encompass a lengthening of the C-C bonds terminating at the point of the methyl substitution relative to the cen- For instance, the carbon cr-orbitals directed from C4 to C5 and C3 in p-cresol have ~ 32% s-character as compared with phenol where the same hybrids have ~ 35% s-character. In this respect, the changes predicted by calculations reproduce qualitatively the essential features of the experimentally determined structures for cresols 2-4 measured by X-ray diffraction [18] .
As in the case of phenol, the structural changes of cresols upon protonation can be qualitatively interpreted in terms of rehybridization and changes in 7r-electron bond orders. In each case changes due to the oxygen protonation are more marked in the substituent fragment and in the part of the ring nearest to it, while the protonation in the ring produces a perturbation over the whole system. The calculated equilibrium geometries for bases 2-4, along with their oxonium and lowest energy benzenium ions are listed in Table 2 .
Finally, we report in Table 3 the formal charge distribution and the ^-overlap populations (for adjacent CC atoms only) for phenols 1-4 and their 0-protonated and most stable ring protonated ions. Examination of the computed formal charges in the ring protonated ions vs. neutral base indicates that the positive charge of the added proton is centered predominantly on the CH2 group and on the carbon atom in the para position to the protonation site. A lesser amount of positive charge is transfered to the CH fragment in the ortho positions to the protonated carbon and to the OH group. For instance, the increase in formal charge for para protonated phenol (Id) is 0.15 e for the two H-atoms of the CH2 group, 0.06 e for the carbon atom of the CH2 group, 0.23 e for Ci and 0.17 e for each of the CH fragments at the positions 3 and 5. The OH group takes a share of 0.16 e. The present results for cresols are in good accordance with the STO-3G results of Bursey et al. [5] , with one notable exception. This is the case of charge distribution in the CH2 group. Namely, while STO-3G indicates an increase of the negative charge at the protonated carbon, relative to the parent compound, MINDO/3 predicts a slight decrease.
Protonation on oxygen produces an increase of positive charge for all ring positions except for the ring carbon attached to the OH group. The highest increment of positive charge occurs at the para ring position and the smallest at the meta position, in agreement with the results from NMR measurements [19] .
The computed heats of formation of phenols 1-4 and their conjugate acids are summarized in Table 4 a Experimental values are taken from [20] .
phenol [20] . The calculated heats of formation are too positive throughout, being in every case within the expected MINDO/3 mean error of 6.8 kcal/mol for molecules containing oxygen [21] . It should be noticed, however, that calculations do not reproduce the correct order of the cresols stability. Starting from the computed heats of formation we have also calculated the proton affinities for all individual positions of the studied bases. The highest proton affinity obtained for a given base is conventionally considered as the proton affinity of that base. Calculated proton affinities are shown graphically in Figure 1 .
A survey of the data present 3d in Table 4 shows a predominance of the ring protonation for all four phenols. In each case, protonation in the para posi- tion to the hydroxy group is most favored, except for the p-cresol, where protonation ortho to the hydroxy group is predicted, in agreement with experimentally determined protonation sites in most superacid media [1] [2] [3] [4] .
The MINDO/3 calculated difference in stabilities between ions protonated on oxygen and the most stable ring protonated ion is in satisfactory agreement with the experimentally determined value of 15.0 kcal/mol obtained by Preiser et al. [22] by an deuterium exchange ICR experiment for phenol. The calculations of De Frees et al. [6] employing the idea of isodesmic reactions gave the same result (14.9 kcal/mol). The only experimental finding that contradicts preference of ring over oxygen protonation for related bases is that of Martinson and Butrill [23] . They concluded from nonequilibrium H2O chemical ionization mass spectrometry studies that protonation of phenol occurs at the oxygen rather than in the ring, presumably due to the additional stabilization of oxonium ion provided by hydrogen bonding of the highly positive hydrogen atoms bound to oxygen in this ion.
The calculated proton affinity for phenol of 183.8 kcal/mol lies about 6% below the experimental value of 195.0 kcal/mol [22] . Since, we are not aware of any experimental determination of gas proton affinities for cresols we compared the calculated proton affinities for these bases with previously reported STO-3G values of Bursey et al. [5] . They reported values of 241.9, 246.0 and 241.8 kcal/ mol for the proton affinities of cresols 2, 3, and 4, respectively. As anticipated, the proton affinities calculated by MINDO/3 are substantially lower. Since STO-3G estimates of the proton affinities for related bases are usually to high by about 25% [24] , the present results should be closer to the real values. Both approaches, MINDO/3 and STO-3G, however, give the same order of proton affinities for cresols, the meta isomer possessing the highest proton affinity.
We can conclude that MINDO/3 results reflect fairly well most of the experimental features observed in the protonation of phenol and cresols under superacidic as well as gas phase conditions. Thus, the calculated structural parameters of ring protonated ions formed upon protonation are consistent with the experimentally determined benzenium ion structures. The stability order of conjugate acids formed upon their protonation represent fairly well the positional selectivity in the protonation reactions in strong acids. The calculated changes in electron densities induced by protonation reproduce qualitatively the changes in the 13 C NMR chemical shifts of the studied bases. From a comparison of the calculated proton affinity for phenol with the experimentally determinated value it can be inferred that the experimental proton affinities of the studied bases are probably ~ 10% higher than the theoretically estimated values.
